Introduction
The SiAlONs are silicon aluminium oxynitrides of varying compositions and crystal structures. commonly produced by reaction sintering of mixtures of Si3N4, AlN, and Al2O3 at > 1500°C. Since the corrosion resistance decreases with the formation of glassy phase in the sintered body, the preparation of β-SiAlON powder and its sintering using spark plasma sintering (SPS) 4) has received considerable attention, since it avoids the formation of a glassy phase in the grain boundaries. The availability of high-quality SiAlON powders is essential to achieve structural reliability of the corresponding ceramics.
β-SiAlON powder can most readily be synthesized from mixtures of SiO2 and Al2O3 by carbothermal reduction-nitridation (CRN) at > 1400°C. The suitability of various minerals as raw materials for this process has been widely investigated. These minerals, including kaolinite, 5) halloysite, 6),7) montmorillonite 8) and bentonite 9) are composed mainly of Si and Al, uniformly distributed on an atomic scale. However, due to the effects of contaminants and the difficulty of controlling the composition (e.g. the Si/Al ratio in the raw materials), products synthesized using these minerals may contain AlN, mullite and SiAlON 15R polytypes as impurity phases. In this study, we focus our attention on the use of zeolites as the primary source for preparing β-SiAlON.
Zeolites are typical host aluminosilicate minerals with rigid frameworks of (Si, Al)O4 tetrahedra that form cavities containing cations such as H + , NH4 + , Na + , and Ca 2+ for charge balance.
10)
Previously we reported the synthesis of β-SiAlON from a zeolite by CRN and elucidated its formation mechanism; 11),12) however, there still remains the problem that carbon impurities in the products cannot be completely removed by the CRN process.
In recent years, nitridation using NH3 as the reactant gas has been proposed for the production of high-purity SiAlON powders. 13)-15) This process is quite simple since it does not require mixing, milling or a carbon-removal step. Moreover, the NH3 gas nitridation process is performed at lower temperatures and with less solid solution of carbon in the products than the CRN process. In our previous study, β-SiAlON powder was synthesized from a zeolite by gas reduction/nitridation, using NH3 and a small amount of hydro carbon as the reactant gases to produce highly pure β-SiAlON nanoparticles (< 100 nm). 16 ),17) However, the reaction mechanism, e.g. nitridation behavior and changes in the local atomic arrangement, is not yet well understood. 29 Si and 27 Al solid-state nuclear magnetic resonance with magic angle spinning (MAS NMR) has provided useful complementary information on nitridation reactions, 13),18), 19) and a brief study has indicated the potential of MAS NMR in monitoring the progress of SiAlON formation in halloysite 20) and kaolinite, 21) and for shedding light on the intermediates formed during the formation of β-SiAlON from organosilicon polymers. 22 ) Therefore, in this study, β-SiAlON was synthesized from a zeolite by NH3 gas nitridation and its formation mechanism was investigated using 29 Si and 27 Al NMR spectroscopy.
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Experimental procedure
Zeolite Y (Si/Al = 3 : HSZ-330HUA, Toso Chem. Co., Tokyo) was used as the starting material. The powder was weighed into an alumina boat, placed in an electric furnace with a high-purity alumina work tube, and then fired to 700°C at a heating rate of 5°C/min. The powder was heated in Ar gas (99.999% purity) to eliminate oxygen from the system and remove the absorbed water from the zeolite. It was confirmed that the structure of the zeolite did not change during the pre-heating process up to 700°C. Heating was continued in flowing NH3 (99.999% purity, 4 l/min.) up to the reaction temperature of 1000-1400°C at a rate of 8°C/min and held for 0-60 min before being cooled in NH3. The phases present in the products were identified by XRD (RINT2500, Rigaku, Tokyo) using Cu Kα radiation (50 kV and 300 mA) and referenced using Joint Committee on Powder Diffraction Standards (JCPDS) cards. The nitrogen content of the powder samples was measured by a nitrogen analyzer using an infrared absorbance technique (EGMA-650, HORIBA, Kyoto), making corrections to the calibration curve with standard samples. The 27 Al MAS NMR spectra were obtained at 11.7 T using a Bruker AMX 500 (Rheinstetten, Germany) and a Varian Unity 500 spectrometer (Palo Alto, CA) at a frequency of 130.3 MHz. A Doty high-speed MAS probe was used, at spinning speeds of up to 12.2 kHz and a 15° pulse of 1 ms with a recycle time of 1 s. The 29 Si spectra were obtained on the Unity 500 spectrometer at spinning speeds of about 8 kHz, with a 90° pulse and 300 s recycle time to accommodate the long relaxation times encountered in some of the SiAlON phases. The 27 Al chemical shifts were measured with respect to AlCl3 in a 1M aqueous solution, and the 29 Si shifts were referenced to tetramethylsilane (TMS). Figure 1 shows the XRD patterns of the products synthesized at 1000, 1100, 1200, 1300 and 1400°C for 0 min, 1400°C for 20 and 60 min, together with the raw material. The raw zeolite transforms into an amorphous phase at 1100°C and an OSiAlON intermediate occurs in the sample reacted at 1300°C for 0 min, confirming previous results. 6) β-SiAlON eventually appears after heat treatment at 1400°C for 60 min with α-SiAlON as a minor phase (Fig. 1, sample 8) . Table 1 shows the nitrogen contents of the samples. Zeolite has reacted with the NH3 gas, N atoms being incorporated into zeolite structure without destroying it (sample 2), as previously reported.
Results and discussion
23) The nitrogen content of the samples increases as nitridation proceeds, finally achieving 31.6 mass% (the theoretical final composition of the product is Si4.5Al1.5O1.5N6.5, containing 32.3 mass% nitrogen). Our previous report showed that nitridation does not begin until 1300°C in the CRN process; this indicates that nitridation using NH3 gas is more effective way than CRN of introducing nitrogen into a zeolite at lower temperatures.
A selection of 29 Si and 27 Al MAS NMR spectra is shown in Figs 2 and 3 , respectively. Sample 1 is the starting aluminosilicate, confirmed by XRD to be Y-type zeolite. Its 27 Al MAS NMR spectrum (Fig. 3) shows the presence of resonances at 59, 29, and -1 ppm, corresponding to 4-, 5-, and 6-fold coordinated Al, respectively. Although all the framework Al atoms in zeolite structure should be 4-fold coordinated, Al atoms which become detached from the zeolite framework can assume 5-and 6-fold coordination, as occurs, for example, upon heating at > 300°C. 24) The 29 Si NMR spectrum of this material (Fig. 2) is typical of the tetrahedral Si in SiO4 units. Sample 2 was prepared by heating at 1000°C without holding time at that temperature. The 29 Si NMR spectrum (Fig. 2) shows predominantly Si-O units similar to sample 1 although the small peak at -87 ppm suggests the incipient appearance of SiO3N, 25,)26) consistent with the nitrogen content shown in Table 1 . This peak could also arise from Q 4 (4Al) Si-O-Al units, for example, in mullite (3Al2O3·2SiO2), but the 27 Al spectrum (Fig. 3) does not support this since it shows a decrease in the octahedral AlO6 resonance. Sample 2 appears to represent an intermediate stage of the zeolite structure before amorphization.
Samples 3 and 4 were prepared by heating at 1100 and 1200°C respectively, with a 0 min holding time at these temperatures. The XRD patterns (Fig. 1) indicate that the zeolite is rendered to amorphous by these heat treatments. The 29 Si NMR spectrum at 1100°C with a 0 min holding time shows resonances at -106, -89 and -61 ppm corresponding to SiO4, SiO3N and SiON3, respectively. 25), 26) Note that although Si2O2N2 at -72 ppm is not confirmed clearly, SiO2N2 is also thought to exist. The 29 Si NMR spectrum at 1200°C with a 0 min holding time shows, in addition to these resonances, a SiN4 peak at -45 ppm. 25) , 26) The intensities of the N-rich resonances are greater in sample 4 than in sample 3, consistent with the increasing nitrogen content (Table 1) . 27 Al NMR peak in samples 3 and 4 also indicates the presence of various Al oxide and oxynitride species with a range of nitrogen from 4-to 6-fold coordination in these samples. 27) It has been reported that mullite is formed under CRN conditions and that most of the Al atoms are incorporated into this phase.
12) It is 
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assumed that the low temperature introduction of threecoordinated N with strong covalent bond with Si and Al prevents the diffusion of Si and Al atoms in the present amorphous phase, hindering the formation of mullite by NH3 gas nitridation. Formation of O-SiAlON was confirmed in sample 5 prepared by heating at 1300°C with a 0 min holding time (Fig. 1) . The two resonances clearly seen in the 29 Si NMR spectrum at -46 and -61 ppm correspond to SiN4 and SiON3, respectively. Furthermore, the resonance at -60 ppm in sample 5 is better developed than in sample 4, indicating the formation of crystalline OSiAlON (overlapping with amorphous SiON3). The 27 Al NMR spectrum of this sample (Fig. 2) shows an octahedral resonance at 3 ppm and a very broad tetrahedral Al resonance with a pronounced tail downfield. The tetrahedral resonance is consistent with that of O-SiAlON (60 ppm) 25) and although the O-SiAlON structure does not contain octahedral Al, a sharp octahedral peak, often attributed to an impurity, is not uncommon in this phase. 12) Thus, the NMR spectra of this sample confirm the presence of amorphous Si-Al-O-N and O-SiAlON at this stage.
Sample 6 was prepared by heating at 1400°C with a 0 min holding time at that temperature. Figure 1 shows the presence of It is noteworthy that nitridation using NH3 gas makes it possible to synthesize β-SiAlON without the formation of SiC impurity. Samples 7 and 8 were prepared by heating at 1400°C with 20 and 60 min holding times, respectively. The XRD patterns of samples 7 and 8 ( Fig. 1) show that the intensities of the β-SiAlON peaks have increased at the expense of the O-SiAlON. The intensity of the O-SiAlON resonance in the 29 Si NMR spectrum decreases markedly, consistent with the decrease in the XRD peak intensity of O-SiAlON (Fig. 1) . The 27 Al NMR spectrum ( Fig. 3) shows that the intensity of the β-SiAlON resonance Si nuclear magnetic resonance with magic-angle spinning spectra of the samples. Fig. 3 . 11.7T 27 Al nuclear magnetic resonance with magic-angle spinning spectra of the samples.
Conclusions
β-SiAlON was synthesized from a zeolite by nitridation using NH3 gas. The nitridation behavior and changes in the local atomic arrangement were determined using XRD and 29 Si and 27 Al MAS NMR spectroscopy. The combined XRD and NMR results reveal that most of the Si and Al react to form β-SiAlON via amorphous forms of Si-Al-O-N and O-SiAlON. Nitridation using NH3 gas is an effective means of preventing mullite formation and promoting the introduction of nitrogen into aluminosilicate materials at lower temperatures than temperatures required by the CRN process. Further, the NMR spectra show that the siliceous part of the system changes into β-SiAlON prior to the incorporation of Al components into the β-SiAlON in the later stages of the reaction.
